Despite threats posed to communities from wildfire, few tools exist to aid emergency managers in recommending evacuations. An evacuation trigger buffer is a pre-established boundary encompassing a community or asset that triggers an evacuation recommendation should a fire cross the edge of the buffer. The Wildland-Urban Interface Evacuation model (WUIVAC) delineates evacuation trigger buffers based on modeled fire spread rates and estimated evacuation times. A point along the edge of a WUIVAC-generated trigger buffer represents the modeled shortest time required for a fire to travel to a community. The objective of this research is to use data from the 2003 Cedar Fire in southern California to evaluate the temporal and spatial differences between evacuation trigger buffers as generated by WUIVAC and the perimeter and spread of a historical fire. Three trigger buffers surrounding a test community were created for hourly increments and analyzed in conjunction with the equivalent hourly locations of the leading edge of the Cedar Fire. The novel use of forecast winds yielded dynamic trigger buffers that varied with changes in wind speed and direction. The modeled trigger 2 buffers exceeded the actual fire front by as much as 126 m for the one-hour buffer and 1400 m for the three-hour buffer, which implies that evacuees would have had slightly more time for evacuation than indicated by the trigger buffers. Had WUIVAC been used operationally during this event in the manner presented in this paper, it would have likely been successful in triggering an evacuation with enough time for the community to safely evacuate. This research represents a first step toward validating WUIVAC-modeled evacuation trigger buffers.
Introduction
Wildfire represents a significant hazard for inhabitants of the wildland-urban interface (WUI), which is defined as the areas where homes meet or intermix with fireprone wildlands (Radeloff et al. 2004 ). Theobald and Romme (2007) estimated that there are 12.5 million homes located within the WUI in the continental United States.
Communities within the WUI are particularly susceptible to wildfire as they are often surrounded by abundant fuel sources that rarely see controlled burns. In October 2003, WUI fires in southern California were responsible for 26 deaths and the destruction of 3,361 homes, representing the single worst WUI fire event in U.S. history (Keeley et al., 2004) .
The large, at-risk population in the WUI represents a significant problem for emergency response and incident commanders. Decision-makers must determine when and where an evacuation is warranted, often using incomplete information (Gill and Stephens, 2009 ). Factors considered in recommending an evacuation include fire location, environmental data (e.g. forecast winds, relatively humidity), fuels ahead of the fire, topography, locations of residents, mobility, evacuation route capacity, and many others. The decision to evacuate a community is generally subjective and based on prior experience and the best available information. Common errors in recommending evacuations include those associated with zoning (who should be evacuated?), timing (when should an evacuation occur?), and routing (which way should evacuees leave?).
As WUI fire hazard continues to increase (Moritz and Stephens 2008) , protective actions have become an increasing focus of recent research (Cova et al., 2005; Handmer and Tibbits, 2005; Cohn et al. 2006; Kim et al., 2006; Dennison, et al., 2007; Wolshon and Marchive, 2007; Mozumder et al. 2008; Paveglio et al. 2008; McCaffrey and Rhodes 2009; Cova et al. 2009; Anguelova et al., 2010) . One technique used for assessing when an evacuation should be recommended is a trigger buffer. An evacuation trigger buffer is an established boundary that circumscribes a community, such that when a fire coming from any direction crosses the buffer, an evacuation is advised. Trigger buffers have been applied to determine evacuations for natural hazards such as hurricanes (FEMA, 2000) , yet few studies have modeled them in the context of wildfires.
The Wildland-Urban Interface Evacuation (WUIVAC) model was created to model evacuation trigger buffers for wildfires (Cova et al., 2005; Dennison et al., 2007) .
This study investigates the temporal and spatial differences between evacuation trigger buffers generated WUIVAC and the perimeter and spread of a historical fire, the 2003 Cedar Fire in southern California. Unlike previous WUIVAC simulations that assumed constant wind conditions, this study extends WUIVAC into a dynamic context where wind can change direction and speed during a scenario. Evacuation trigger buffers were created using information that was available prior to the fire, including temporally and spatially dynamic winds.
Background
WUIVAC uses a three-step process to create an evacuation trigger buffer for selected cells in a raster. The first step relies on the FLAMMAP software package developed by the United States Department of Agriculture Forest Service (USFS) Fire Sciences Lab. FLAMMAP is used to determine the rate and direction of fire spread across a rasterized landscape. FLAMMAP uses equations developed by Rothermel (1972) to calculate fire spread rate in one direction. Relationships between spread rate and fire shape developed by Anderson (1983) and implemented by Finney (1998) are used to calculate the two-dimensional spread rates. Inputs to FLAMMAP used for WUIVAC include wind speed and direction, fuel type, fuel moisture, slope, and aspect.
For the second step, WUIVAC uses the spread rates calculated by FLAMMAP to create a fire-spread network that connects each cell in a raster with its eight adjacent neighboring cells. Each arc within the network defines the estimated travel time between adjacent cells. To determine the time required for fire to spread from one cell in the raster to any other cell, the fire travel time arcs between cells are summed (Finney, 2002; Miller, 2003) . The third step involves reversing all arcs in the fire travel-time network starting from one or more protected "community" cells and traveling outward until a specified time interval is reached (Dijkstra, 1959) . This step generates a trigger buffer for any estimated evacuation time interval specified by the user (Cova et al. 2005) . Using the shortest path from a community to the other cells in the grid, WUIVAC determines all cells from which fire could reach the community within the specified time period. Figure 1 shows an example of a WUIVAC trigger buffer for a simple scenario that assumes homogeneous fuels and no slope. The user in this case selects a three hour evacuation time. Wind, fuel, and topography inputs are used to create the trigger buffer represented by the dashed line. A fire crossing any point along the dashed line can reach the community in three hours. This time represents "shortest path" fire travel time, and the fire can take longer to reach the community along alternate paths. A fire that starts inside the trigger buffer may be able to reach the community in less than three hours.
In Figure 1 , the trigger buffer has an elliptical shape based on fire spread rates produced by Rothermel (1972) and Anderson (1983) . This ellipse is pointed upwind, since fire may travel further during a given period of time in the downwind direction.
The upwind elongation of the trigger buffer increases with wind speed. Heterogeneous topography and fuels can create an irregularly-shaped trigger buffer (Figure 2 ). Fires move more slowly through fuels that contain more live vegetation, since the moisture that is present in live vegetation must be driven off before the vegetation can combust. Fires also move more rapidly up a slope than down a slope, due to increased efficiency of radiative and convective heat transfer to unburned fuels (Pyne et al., 1996) . Faster fire spread rates will result in extensions of the trigger buffer away from the community Maximum wind speeds from multiple directions over an eight year period were used to create evacuation trigger buffers for "worst-case" scenarios for the community. Trigger buffers were modeled to provide 1, 2, and 3 hours of warning. Multiple trigger buffers were combined to find those areas around the community that had high strategic importance for wildfire evacuation. Anguelova et al. (2010) used WUIVAC in combination with a pedestrian mobility model to examine fire hazard for immigrants and law enforcement in an area of California adjacent to the United States-Mexico border.
Trigger buffers produced by WUIVAC were compared to pedestrian travel times to find those areas where travel time exceeded the minimum time available for evacuation to a safe location.
The prior applications of WUIVAC have relied on constant (i.e. static) winds.
There is a need to both extend the model to incorporate dynamic wind data and to quantitatively compare modeled evacuation trigger buffers to actual fire behavior.
Should WUIVAC overestimate the minimum time required for a fire to reach a community, the result could be an evacuation when insufficient time remains for all residents to reach safety ( To provide higher spatial and temporal resolution information on the progression of the Cedar Fire, we used the FARSITE fire spread model (Finney, 1998) to model the Cedar Fire perimeter at hourly intervals between 3 a.m. and 6 a.m. FARSITE is an operational, vector-based model used by the USFS to model fire spread and behavior. Like FLAMMAP, the FARSITE model is based on equations developed by Rothermel (1972) and Anderson (1983) . FLAMMAP models fire spread rates within cells, but does not propagate a fire from cell to cell. In contrast, FARSITE can simulate fire events and propagates a vector fire front from multiple vertices along the fire front using Huygens'
Principle (Richards, 1990) .
The 30 meter resolution topography and fuels layers were used as inputs into the FARSITE simulation. Wind speed and direction inputs were varied until the modeled 6 a.m. perimeter matched the CalFire 6 a.m. perimeter in the vicinity of the Garden Road community. The final wind variables used were a static wind speed of 21 kilometers per hour coming from an azimuth direction of 100 degrees. Ten-and 100-hour dead fuel moisture measured at two local Remote Automated Weather Stations (RAWS), and 52%
live herbaceous and woody fuel moisture based on local fuel sampling measurements, were also used as inputs for FARSITE. The simulation was initialized using the CalFire 3 a.m. fire perimeter. The FARSITE simulation time step was set to 30 minutes, and from these time steps, modeled fire perimeters were produced at hourly intervals from 4 a.m. to 6 a.m. The perimeter and distance resolution variables in FARSITE were set to 60 meters, while the fuel adjustment file, which allows for burn rate modifications to each fuel type, was left at the default value of 1 (no adjustment) for all fuels.
WUIVAC Modeling
One, two, and three-hour evacuation trigger buffers were modeled for the Garden Road community using WUIVAC. An n-hour trigger buffer is one that provides at least n hour(s) of advance time before the fire arrives at the community. The 30-meter cells containing homes were selected as the community area. The fuel model layer, topography layers, and fuel moisture values described earlier were used as inputs into FLAMMAP. To evaluate the predictive performance of WUIVAC, forecast wind speed and direction from the Pennsylvania State University/National Center for Atmospheric
Research Mesoscale Model 5 (MM5, version 3; Grell et al., 1995) were used ( Table 2 ). Table 2 .
Fire spread rates calculated from FLAMMAP were used to create the reverse fire travel-time network away from the community, and the shortest path travel times were used to calculate 1, 2, and 3-hour evacuation trigger buffers. The trigger buffer locations were then compared to the corresponding CalFire and FARSITE-modeled fire perimeters.
Since the 6 a.m. fire perimeter touches the eastern edge of the community, the 1-hour trigger buffer was compared to the 5 a.m. modeled fire perimeter. The 2-hour trigger buffer was compared to the 4 a.m. modeled fire perimeter, and the 3-hour trigger buffer was compared to the CalFire 3 a.m. fire perimeter.
Results
Wind speeds measured at the Julian and Alpine RAWS varied from 10 to 27 km/h ( Table 2 ). Wind direction was consistently from the ENE, although at 5 a.m. and 6 a.m.
the wind direction at Alpine turned slightly more northward compared with the previous two hours at this station. MM5 forecast wind speed and direction did not closely match the wind speed and direction measured at the two RAWS (Table 2) . At 3 a.m., MM5
forecast wind speeds were much higher than those actually measured, although the forecast wind direction generally agreed with the wind direction measured at the RAWS.
At 4 a.m., the forecast wind direction turned towards the north, but wind speeds came in closer agreement with those measured by the RAWS. At 5 and 6 a.m., the forecast wind direction further shifted to the northwest.
The evacuation trigger buffers modeled by WUIVAC are shown in Figure 5 . The 1-hour trigger buffer was modeled using the 5 a.m. MM5 wind field. As a result, the 1-hour trigger buffer points towards the northwest, although there is a small extension of the buffer towards the east. This is explained by a small area of hardwood/light conifer (fuel model 8) just to the north of this extension, which is modeled as having lower fire spread rates, serving as a partial barrier to eastward fire spread. The "holes" within the buffer, as well as the irregular pattern towards the upper left, result from unburnable fuels, in this case water bodies and localized zones of urban built-up areas. Topography in the area of the 1-hour buffer consists of rolling hills at primarily NW or SE aspects.
The evacuation trigger buffers modeled by WUIVAC are nested, such that the 1-hour trigger buffer becomes the starting point for calculating the 2-hour trigger buffer.
The 2-hour trigger buffer was modeled using the 4 a.m. MM5 wind field. Spatially variable fuels and wind direction combined to create a complex buffer shape, with lobes of the 2-hour trigger buffer extending in the northwest, north, and northeast directions ( Figure 5 ). The small extension to the east from the 1-hour buffer extends much more dramatically in the 2-hour buffer, due in part to the presence of fuel model 4, the highly burnable chaparral model, in the newly buffered area.
The 2-hour trigger buffer was the starting point for the 3-hour trigger buffer, which was modeled using the 3 a.m. MM5 wind field. At 3 a.m., winds were modeled as out of the northeast, though spatially the modeled speeds were highly variable. Towards the city of Poway in the western portion of the event area, the wind speeds were approximately 45 km/h, whereas the winds in the topographically diverse, fuel covered eastern portion of the event area were blowing at approximately 55 km/h. WUIVAC predicts a much larger trigger buffer extending into the strong wind during this time step ( Figure 5 ). The 3-hour buffer could have extended even further east; however, the predicted buffer is bounded on the east by unburnable fuels, as evidenced by the irregular eastern edge of this buffer. In the northwest portion of the buffer, the concavity in the buffer coincides with an area containing fuel model 8 (hardwood/light conifer), which creates lower spread rates. A large hole in the central portion of the predicted buffer is not due to unburnable fuels, but rather is the result of the two lobes from the 2-hour trigger buffer (one lobe from the north, the other from the east) coming together around a topographic high point and merging on its northeastern limb. (Table 3 ).
The two-hour trigger buffer intersects and extends beyond the fire perimeter calculated for 4 a.m. (Figure 6 ). At the greatest extent, the 2-hour trigger buffer exceeds the 4 a.m.
perimeter by as much as 280 meters. The 3-hour trigger buffer extends a much greater distance to the east and north than the previous two trigger buffers and also overlaps the corresponding fire perimeter by the greatest amount ( Figure 6 ). The 3-hour buffer exceeds the 3 a.m. perimeter by approximately 1410 meters at its greatest extent. Thus, at each of the three time steps, the trigger buffer exceeds the corresponding fire perimeter, indicating that WUIVAC would have triggered an evacuation recommendation that offered more time to evacuate than intended. The difference between outer edge of the trigger buffer and the corresponding fire perimeter increases from 1 to 2 and from 2 to 3 hours (Table 3) .
Discussion
WUIVAC modeled the minimum travel time for fire to reach the Garden Road community. When compared to the actual travel time of the Cedar Fire, WUIVAC "under-predicted" the time necessary for fire to reach the community for all three time steps. For example, based on the FARSITE modeling results the Cedar Fire took longer than one hour to traverse the distance indicated by the 1-hour trigger buffer. Underprediction of the actual fire travel time would have triggered an earlier evacuation, as the fire would take longer to spread from the edge of the trigger buffer to the community.
Since evacuation trigger buffers represent the minimum time required to traverse the given distance, some under-prediction is expected, as fire is unlikely to travel along an optimal path. Under-prediction of the fire travel time allows additional time for evacuation, so it is much more desirable than over-prediction. In the case of overprediction of fire travel time, the fire arrives at the community before the WUIVACmodeled shortest path time has elapsed. Over-prediction is a very serious error, since the fire could arrive before an evacuation is complete.
The wide range of wind speed and direction inputs used in this analysis indicates the large degree of uncertainty associated with conditions during actual fire events.
There are no wind measurements close to the Garden Road community, so there is no way of knowing which set (if any) of the wind speed and direction values is most accurate. The RAWS provide on-the-ground measurements, but this is an aspatial measurement at a distance of many kilometers from the fire front. MM5 provides spatial predictions of wind speed and direction, but can deviate greatly from the RAWS data and cannot resolve the effects of local topography. Due to the sparse network of RAWS and difficulty modeling complex, high spatial resolution wind fields, it is unlikely that our ability to measure wind speed and direction will dramatically improve in the near future.
However, even with modeled winds with a different direction and speed than the winds measured at the RAWS, WUIVAC was still able to provide useful trigger buffers.
Both WUIVAC and FARSITE are based on the same semi-empirical fire spread model. Like any model, the Rothermel (1972) fire spread model is an imperfect representation of actual fire spread. In particular, Rothermel (1972) does not account for fire spread through spotting and interactions between fire and winds. As errors introduced by the Rothermel model will be included in WUIVAC, trigger buffers may be less accurate under extreme wind and fuel moisture conditions or fire spread predominantly through spotting. It should be noted that WUIVAC is not limited to using the Rothermel (1972) model; it is capable of incorporating fire spread rates from any deterministic fire spread model. However, fire spread models that do take into account interactions between fire and winds may require stochastic elements which are incompatible with creating a single reverse fire spread network.
In general, the uncertainty in predicting fire spread rates and associated warning time is significant (Jimenez et al. 2008) . Underestimation of the time required for fire to reach a community will result in evacuations being recommended earlier than needed, which may result in an unnecessary evacuation if the fire deviates away from the community. Recommending evacuations that turn out to be unnecessary would result in direct costs (e.g. evacuation expenses) and indirect costs (e.g. economic losses) to the community. The location of the fire perimeter is a source of uncertainty for determining the effectiveness of WUIVAC-modeled trigger buffers and for potential deployment. In an actual fire, accurate trigger buffers do not have much utility unless the location of the fire perimeter is also known. Uncertainty in the location of a fire front can be greatly reduced by utilizing airborne and ground-based remote sensing. Airborne infrared sensors can map the location of the fire front with a high temporal frequency. Emerging technologies, such as Unmanned Aerial Vehicles (UAVs) could be of particular benefit for this purpose as they can collect data throughout the course of an event at no physical risk to personnel.
Conclusions
This work demonstrates the feasibility of operational use of the WUIVAC model.
It also represents the first use of forecast dynamic wind data in the creation of evacuation trigger buffers that are based on more realistic environmental variables. Both of these points highlight WUIVAC's emerging potential for improving protective action decision making in wildfires. Since this study only examined one community during one fire, additional case studies are needed to validate the ability of WUIVAC to generate accurate evacuation trigger buffers that err on the side of community safety. Additional research is needed to quantify evacuation trigger buffer uncertainty, and the impacts of trigger buffer and fire perimeter uncertainty on protective action decision making.
In the past, triggering an evacuation has been more of an art than a science, due to the lack of real-time knowledge of environmental conditions and fire location, as well as corresponding modeling tools to take advantage of these data. As the availability of GIS data, weather model data, and real-time remote sensing data increases, tools will be needed that can take advantage of this valuable information. Improved, informed evacuation decision-making can help protect lives in the continually expanding WUI. 
